The denuded IQ2 domain, i.e. myosin heavy chain not associated with regulatory light chains, exerts an inhibitory effect on myosin ATPase activity.
Introduction
Many cellular proteins including neuronal growth proteins, myosins, voltageoperated ion channels, phosphatases, Ras exchange proteins, sperm surface proteins, a Ras Gap-like protein, spindle-associated proteins and several proteins in plant contain IQ motifs for Ca 2+ -dependent and independent interaction with calmodulin and calmodulin-like proteins, e.g. myosin light
chains, thus regulating a wide diversity of biological functions [1] . 
Material and Methods

Generation of GST-and His-tag fusion proteins
Rat essential ventricular myosin light chain (MLC-1) and three headrod fragments were cloned with an N-terminal hexahistidine (His)-tag/40 amino acid (aa) spacer and an N-terminal glutathione S-transferase (GST)-tag/14aa spacer, respectively.
To prepare the His-MLC-1 fusion protein rat cardiac mRNA was transcribed with random primers and used as templates. The region of the cDNA carrying the protein-coding of HIS-MLC-1 was amplified using specific primers. HindIII restriction sites were incorporated into primers to facilitate subsequent subcloning into the HindIII site of the expression vector pRSETA (Invitrogen GmbH, Karlsruhe, Germany).
Likewise, the head-rod fragment aa664-915 of rat cardiac β-MYH (accession NP_058936; MYH7) was amplified using specific primers from rat cardiac cDNA (MYH ) and cloned into pGEX-4T1 expression vector (StratageneEurope, Amsterdam, Netherlands) (GST-MYH Cells were then sonicated, centrifuged, and the supernatant prepared for purification of the different recombinant proteins: (1) HIS-MLC-1 was incubated with 0.5 ml of Ni-NTA-agarose increased beads (Qiagen, Germany) and fusion protein was eluted with 100 mM imidazole, 300 mM NaCl, 50 mM NaH 2 PO 4 pH 8.0. (2) The head-rod proteins were incubated with glutathionesepharose beads for 10 min at room temperature. Fusion proteins were eluted with 20 mM glutathione in 50 mM NaHCO 3 buffer, pH 9.0, and dialyzed against PBS (100 mM NaCl, 1 mM EGTA, 5 mM Na 2 HPO 4 ), pH 7.4.
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Analytical ultracentrifugation
Molecular mass studies on dissolved GST-MYH 664-915 and GST-MYH 664-
915
IQala4 were performed in a XL-A type analytical ultracentrifuge (Beckman, Palo Alto, CA, USA) equipped with UV absorbance optics. Two different methodological variants, the sedimentation equilibrium as well as sedimentation velocity techniques were used.
Sedimentation equilibrium experiments were analyzed using externally loaded six-channel cells with 12 mm optical path length and the capacity to handle three solvent solution pairs of ~70 µl liquid. Sedimentation equilibrium was reached after 2 h of over speed at 20,000 rpm, followed by an equilibrium speed of 16,000 rpm for ~30 h at 10°C. Depending on the loading concentration the radial absorbance in each compartment was recorded at three different wavelengths between 260 and 290 nm using the molar absorbance coefficients. Molecular mass calculations employed the global fit of three radial distribution curves described by A r = A rm eMF with F=[(1-ρv)ω²(r²-rm²)]/(2RT) using our program POLYMOLE [6] . In these equations, A r is the radial absorbance, A rm is the corresponding absorbance at meniscus position, ρ is the solvent density, ν is the partial specific volume, ω is the angular velocity, R is the gas constant, and T is the absolute temperature, M is the molecular mass and rm is the radius at meniscus point.
Sedimentation velocity runs were performed to estimate sedimentation (S) and diffusion coefficients (D) for the direct calculation of the molecular mass.
-7 -About 400 µl solute were filled into standard double sector cells and centrifuged at 50,000 rpm. Sedimentation and diffusion coefficients were determined from the time dependent records of the whole boundaries using our program LAMM [6] . Secondary structure compositions were estimated by deconvoluting CD spectra in the range of 205-240 nm [7] into reference spectra obtained from proteins of known structures.
Statistics
Statistical difference between mean values were calculated using Student´s ttest for unpaired or paired values and were considered significant at p-values of <0.05.
Results and Discussion
Besides its role as a protein recognition motif, the IQ2 motif exerts an autoinhibitory action on myosin II function. Thus, deletion of IQ2 increased significantly myosin ATPase activity and could rescue both defective dictyostelium cells with targeted MYH [8] as well as defective
Schizosaccharomyces cells with targeted RLC [9] . In this study, we elaborated a structural explanation for this auto-inhibitory effect of IQ2 on myosin function and cell survival.
We produced fusion proteins, namely: (1) a rat GST-MYH7 head-rod fragment aa664-915 (GST-MYH 664-915 ), i.e. the 20 kDa S1-fragment (aa664-837;
comprising the SH1/SH2 helices with the two reactive cysteines C697 and C707, the converter domain from aa714-770, and the 8.5 nm α-helical lever arm from aa771-837 with the MLC binding IQ motifs), as well as a part of the α-helical myosin-S2 domain from aa838-915, and (2) rat ventricular Histagged MLC-1 (His-MLC-1).
His-MLC-1 revealed a high degree of α-helicity in the CD spectrum ( Fig. 2) which is in accordance with the known EF-hand structure of the MLC [2] [3] [4] [5] .
Fitted CD spectra of the head-rod fragments show mainly α-helical secondary structures with around 50% α-helicity of the head-rod constructs (Fig. 2 ).
Molecular mass of the GST-MYH 664-915 was found to be about 57 kDa, similar to the prediction from the protein sequence (Table 1) . GST-MYH 664-915 exists as monomer in dilute solution, as shown by sedimentation equilibrium ultracentrifugation (Fig. 2) . This is surprising, since GST-MYH 664-915 contains 78aa of the α-helical myosin-S2 domain, which could form a coiled-coil due to the presence of characteristic heptad sequence repeats. A recently analyzed 126aa β-myosin-S2 segment (aa838-963) forms a straight parallel coiled-coil in the crystal structure [10] . However, the N-terminus of myosin-S2 appeared disordered rather than α-helical [10] , so that our head-rod fragment may not reach the critical α-helical rod length required for self-assembly into a coiledcoil. Fragments of scallop MYH composed of the MLC binding domain and a rod extension of 87aa remained monomeric [11] while an N-terminal 150aa fragment of smooth muscle-S2 fails to fully dimerize [12] . We observed indeed a tendency to dimerization of our head-rod proteins, but only above 5µM (Fig.   2 ), i.e. concentrations above those used in the experiments described herein.
GST-MYH 664-915 adopts a sphere-like shape, as evidenced by a small frictional ratio of ƒ/ƒ 0 =1.08. We calculated a total length of GST-MYH 664-915 of around 10.4 nm with a mean diameter of the molecules of ca. 3.6 nm (calculated from the axial ratio of a hydrodynamically equivalent prolate ellipsoid of revolution;
(Table 1, Figure 3 ). Albeit the available crystal structures of myosin-S1 and myosin-S2 represent stretched and rigid structures (c.f. Figure 3) , the observed short and compact shape of the head-rod fragment observed herein is not unexpected. It is a remarkable property of all type II myosin isoforms to fold [13] into a compact form, which increases the sedimentation coefficient from 6 S (typical for extended myosin) to 10 S, which is of importance for myosin function and in particular for smooth muscle contraction [14] ,. The unstable head-rod-junction seems to promote folding into the compact conformation: the N-terminus of myosin-S2 appeared disordered [10, 15] and may serve as a skip domain for myosin bending. In the crystal structure of myosin-S2 (2fxo), the N-terminus do not form a coiled-coil since a polar contact between E916 from a neighboring molecule and the M852 disrupts the N-terminus, leading to the absence of coiled-coil interactions and disorder of the first 12aa residues [10] . A recent atomic model which includes the two heads and two myosin-S2 segments [16] demonstrates the kink between myosin-S1 and the N-terminus of a myosin-S2 fragment even in the intact thick filament (c.f. also [17] ).
To investigate if the presence of the IQ2 domain could also determine the structure of the MYH, we expressed an IQ2 deletion mutation of the head-rod domain (GST-MYH 664-915 ∆IQ2 ). The molecular mass of GST-MYH 664-915 ∆IQ2 was 55.7k Da, and exists as monomer in dilute solution. Importantly, GST-MYH 664-
915
∆IQ2 revealed an open structure with ƒ/ƒ 0 of 1.49 which corresponds well to the predicted conformation of the available 3D-crystal structures. Figure 3 ).
Four amino acids present in the IQ2 motif could be identified to be responsible for the auto-inhibitory folding effect of IQ2 on protein structure by alanine substitutions, namely I814, Q815, R819, and W827, i.e. key amino acids involved in RLC binding [4, 5] . Figure 3 ) and 70% α-helicity. (Table 2 ). This pronounced increase in binding affinity of His-MLC-1 to IQ1 could be attributed to a conspicuous 70-fold increase of k on (p<0.001) ( Table 2 ).
Conclusions
The presence of the IQ2 motif could strongly influence the conformation of adjacent protein domains and, therefore function of neighboring protein interaction motifs. Our new findings of the auto-inhibitory effect of IQ2 on myosin structure and its functional consequences on MLC-1 binding could provide a reasonable explanation for the auto-inhibitory action of IQ2 on myosin functions: the denuded IQ2 motif enforces a collapsed head-rod structure of myosin II, and subsequently hinders binding of ELC to IQ1, a critical interaction for full force generation of the lever arm [8, 18] and, therefore normal cellular functions. It remains to be elucidated, if such an auto-inhibitory structural effect on adjacent protein structures is restricted to incomplete IQ motifs.
-13 - 
